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We previously demonstrated that overexpression of HSP25
(now known as Hspb1) conferred increased resistance to ion-
izing radiation (Radiat Res. 154, 421–428, 2000). In the present
study, L929 cells overexpressing Hspb1 were shown to have
increased expression of the manganese superoxide dismutase
gene (now known as SOD2) and its enzyme activity. To elu-
cidate Hspb1-induced pathways leading to activation of these
antioxidant enzymes, the production of the tumor necrosis
factor alpha (Tnf) and interleukin 1 beta (Il1b) genes was ex-
amined. Increased expression of Tnf and Il1b resulting from
Hspb1 overexpression was detected by RT-PCR. Increased ac-
tivation of Nfkb (degradation of Ikb, a member of the Nfkb
family) was also found in Hspb1-overexpressing cells. When
treated with Tnf, Nfkb activation and SOD2 gene expression
were increased more by Hspb1 overexpression. Moreover,
transfection with the Hspb1 antisense gene abrogated all of
the Hspb1-mediated phenomena. To further elucidate the ex-
act relationship between induction of SOD2 and Nfkb acti-
vation, a dominant negative I-kBa (now known as Nfkb1a)
construct was transfected into Hspb1-overexpressing cells.
The dominant negative Nfkb1a inhibited Hspb1-mediated
SOD2 gene expression. In addition, Hspb1-mediated radiore-
sistance was blocked by dominant negative Nfkb1a transfec-
tion. When the SOD2 gene was transfected into L929 cells, a
somewhat increased radioresistance was detected by a clono-
genic survival assay compared to control cells. Hspb1 pro-
duced Tnf and Il1b and facilitated SOD2 gene expression
through Nfkb activation, possibly resulting in Hspb1-mediat-
ed radioresistance. q 2002 by Radiation Research Society
INTRODUCTION
Reactive oxygen species (ROS) act as mediators of cell
death; examples include the killing of cells by tumor ne-
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crosis factor (TNF) and chemotherapeutic drugs (1). TNF
is a primary mediator of the immune response; it potenti-
ates numerous signal transduction pathways that lead to the
induction of the expression of specific genes through the
activation of transcription factors and initiates a cytolytic
signaling cascade that leads to increased ROS. ROS, which
are generated either as by-products of normal cellular me-
tabolism or under conditions of oxidative stress, lead to cell
death and tissue damage when they are allowed to accu-
mulate (2, 3). To combat this, there exist various ROS en-
zymes, including multiple species of superoxide dismutase
(SOD), whose catalytic metal ions and cellular localization
vary (4, 5). SOD rapidly catalyzes the conversion of su-
peroxide radicals to hydrogen peroxide and oxygen (6). Mi-
tochondria are particularly susceptible to superoxide be-
cause of their specific function of oxidative phosphoryla-
tion and electron transport (7). Therefore, to protect the
mitochondria from superoxide radical-mediated damage,
cells express a nuclear encoded, mitochondrially localized
SOD, the manganese-containing SOD (MnSOD, now
known as SOD2) (7).
SOD2 is induced uniquely in response to conditions of
oxidative stress (8, 9), underscoring the importance of pro-
tecting the energy-producing machinery within the mito-
chondria from oxidative damage. Both TNF and interleukin
1 (IL1) induce intracellular superoxide generation, which
probably contributes to their cytolytic activity (10). The
correlation between SOD2 expression and increased resis-
tance to cell injury and death has been well established in
several paradigms, including the resistance of tumor cells
to killing by TNF (11). Additionally, TNF- and IL1-medi-
ated induction of SOD2 has been shown to confer protec-
tion from myocardial reperfusion injury (12) and tissue
damage due to oxidative stress (13). Although activation of
the transcription factor NFKB has been implicated in all of
these conditions, the mechanisms involved in the induction
of SOD2 expression under these conditions are poorly un-
derstood. TNF causes a rapid activation and nuclear trans-
location of NFKB (14), and activation of NFKB is required
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FIG. 1. Overexpression of Hspb1-induced radioresistance. Panel A: Protein extracts of control vector, Hspb1-
transfected cells (clones 6 and 8), and Hspb1-antisense-cotransfected cells (hsp25#8/AS#1 and hsp25#8/AS#2) were
prepared and assessed by Western blotting. Panel B: Surviving fractions of vector- and Hspb1-transfected cells (clone
8), and Hspb1-antisense-transfected cells (hsp25#8/AS#1 and hsp25#8/AS#2) were measured with a colony-forming
assay. Where they are larger than the symbols, error bars are means 6 SD from three independent experiments.
for the induction of many TNF- and IL1-induced genes and
strongly correlates with induction of SOD2 mRNA (15,
16). Thus it has been proposed that TNF and IL1 regulate
SOD2 expression through NFKB.
Small heat-shock protein enhances resistance against
TNF, hydrogen peroxide, or menadion (17, 18), and the
cytotoxic activities of these agents are due to oxidative
stress resulting from the generation of ROS and metabo-
lites. In addition, small heat-shock protein increases the in-
tracellular glutathione pool and is known to be a detoxifier
of free radical species (18, 19): The generation of the ox-
ygen-based free radicals is known to be an important com-
ponent of ionizing radiation-induced cytotoxicity (20, 21).
We previously reported that Hspb1-transfected L929 cells
showed radioresistance and an inhibition of radiation-in-
duced apoptosis (22, 23); however, the effect of small heat-
shock protein on radioresistance, particularly its effect on
the antioxidant enzyme system, has not yet been reported.
In the present study, we found that Hspb1 produced Tnf
and Il1b and facilitated SOD2 gene expression through
Nfkb activation, which may be involved in Hspb1-mediated
radioresistance.
MATERIALS AND METHODS
Cell Culture
Murine L929 cells were cultured in Dulbecco’s minimal essential
medium (DMEM) (Gibco, Gaithersburg, MD) supplemented with heat-
inactivated 10% fetal bovine serum (FBS, Gibco) and antibiotics at
378C in a humidified incubator with a mixture of 95% air and 5% CO2.
L929 transformant clones were obtained by transfection with phsp6
(containing the complete genomic sequence for murine Hspb1) and pBC
vector (Stratagene, La Jolla, CA) (24). Two clones (nos. 6 and 8) with
Hspb1 protein that was clearly detected by Western blotting were se-
lected for the experiment (22, 23). Antisense Hspb1 plasmid was kindly
supplied by Dr. Davidson (Ecole Normale Superieure, France) (24). The
dominant-negative I-kBa (now known as Nfkb1a; S32A and S36A) (25)
was amplified with sense (59-aaaccATGGCATACCCATACGACGTCCC
AGACTACGCTttccaggcggccgagcgcccccaggag-39) and anti-sense (59-aa
aaGGATCCtcataacgtcagacgctggcct-39) primers using high-fidelity taq
polymerase (Gibco). The capital letters in sense primers represent nucle-
otides encoding HA tag. The PCR products were digested with NcoI and
BamHI restriction enzymes and cloned into corresponding sites in MFG
retroviral vector by replacing the GFP sequence of MFG.GFP.IRES.puro
(26). The retroviral plasmids were introduced into the 293gpg retrovirus
packaging cell line (27) by transient transfection with Lipofectamine
(Gibco). After 72 h, the supernatants were harvested and used for retro-
viral infection. The virus titers, measured in NIH 3T3 cells by puromycin-
resistant colony formation, were between 1 3 105 and 5 3 105/ml. The
infection and selection of the target cells by puromycin were performed
as described previously (26, 28). Transfection of L929 cells with human
SOD2 cDNA, which was kindly provided by Dr. Makoto Akashi (Na-
tional Institute of Radiological Science, Japan), was carried out using
Lipofectamin (Gibco BRL) in serum-free medium. Cells were propagated
in DMEM supplemented with 10% FCS, 1% antibiotic/antimycotic so-
lution, and 2 mM L-glutamine. Twenty-four hours after transfection, the
medium was changed, and the cells were maintained in medium contain-
ing 10% serum and 400 mg/ml Geneticin (G418, all from Gibco BRL,
Gaithersburg, MD). Control cells were transfected with pcDNA3 without
the SOD2 cDNA insert. Stable transfectants (clones 1 and 2) were se-
lected, and selected clones were routinely maintained in DMEM contain-
ing 8% serum. SOD2 expression was tested frequently by Northern blot
analysis, and the cells were found to express high levels of SOD2 mRNA.
Irradiation
Cells were exposed to g rays using a 137Cs g-ray source (Atomic En-
ergy of Canada, Ltd., Ontario, Canada) at a dose rate of 3.81 Gy/min.
Colony-Forming Assay
Clonogenicity was compared using a colony-forming assay, as de-
scribed previously (23, 28). Cells were seeded into 6-cm petri dishes at
densities that would produce approximately 500 colonies per dish in the
controls and were incubated for 7–14 days. Colonies were fixed (75%
methanol and 25% acetic acid) and stained with 0.4% trypan blue. The
number of colonies consisting of 50 or more cells was scored.
Assay for Tnf
The concentration of Tnf in the culture supernatants was measured by
ELISA (R&D Systems, Minneapolis, MN) according to the manufactur-
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FIG. 2. Overexpression of Hspb1 (HSP25) increased gene expression of antioxidant enzyme as well as their enzyme activity. Panel A: Protein
extracts of control vector, Hspb1-transfected cells (clones 6 and 8), Hspb1-antisense-cotransfected cells (hsp25#8/AS#1 and hsp25#8/AS#2), and in-
ducible Hspa4-transfected cells were prepared and assessed by Western blotting. Panel B: Total RNAs (30 mg per lane) from control vector and Hspb1-
transfected cells (clones 6 and 8), inducible Hspa4-transfected cells, and Hspb1-antisense-transfected cells (hsp25#8/AS#1 and hsp25#8/AS#2) were
prepared and analyzed by formaldehyde/agarose gel electrophoresis and transferred to a nylon membrane as described in the Materials and Methods.
The cells from control vector and Hspb1-transfected cells (clone 8), inducible Hspa4-transfected cells, and Hspb1-antisense-transfected cells (hsp25#8/
AS#1) (panel C) or the cells after 1 mM H2O2 treatment at the times indicated (panel D) were harvested, and 100 mg whole cell protein was
electrophoresed on 12% polyacrylamide gels and analyzed for SOD2 protein as described in the Materials and Methods. MnSOD, SOD2; CuZnSOD,
SOD1; GAPDH, GAPD.
FIG. 3. Overexpression of Hspb1 (Hsp25) increased expression of
mRNA for Tnf (TNFa) and Il1b (IL-1B). Total cellular RNAs from con-
trol vector and Hspb1-transfected cells (clones 6 and 8), inducible Hspa4-
transfected cells, and Hspb1-antisense-transfected cells (hsp25#8/#1)
were extracted, reverse transcribed, and subjected to PCR. The products
were electrophoresed on 1% agarose gels and stained with ethidium bro-
mide.
er’s instructions. Conditioned medium from cultures was prepared by cen-
trifuging the supernatants at 1000g for 10 min. The standard curve for
Tnf protein in the cell lysates was plotted by using purified recombinant
mouse Tnf as a standard.
Assay for SOD2 Activity
SOD2 activity was assayed as described previously (29). Cells were
sonicated in ice-cold 0.05 M potassium-phosphate buffer (pH 7.8) con-
taining 1.33 mM diethylentriamine pentaacetic acid (DETAPAC). After
centrifugation, the protein concentration in each sample was determined,
and an equal amount of each sample (50 mg of protein) was electropho-
resed in 10% (w/v) non-denaturing polyacrylamide gel. The gel was
stained with NBT (2 mg/ml) for 15 min in the dark, photopolymerized
with riboflavin (10 mg/ml) in 36 mM potassium phosphate buffer, pH
7.8, for 15 min, and then illuminated until it became blue except for the
SOD bands; the SOD activity was to inhibit NBT reduction.
Polyacrylamide Gel Electrophoresis and Western Blot Analysis
For polyacrylamide gel electrophoresis (PAGE) and Western blot-
ting, cells were solublized with lysis buffer [120 mM NaCl, 40 mM
Tris (pH 8.0), 0.1% NP40], samples were boiled for 5 min, and an
equal amount of protein was analyzed on 10% SDS-PAGE. After elec-
trophoresis, proteins were transferred onto a nitrocellulose membrane
and processed for immunoblotting. Blots were incubated with a 1:
1000 dilution of antibodies to SOD2 or Cu/ZnSOD (now known as
SOD1) (Biodesign, Saco, MA). Blots were incubated further with
horseradish peroxidase-conjugated secondary antibody diluted at 1:
5000, and specific bands were visualized by chemiluminescence
(ECL, Amersham International). Autoradiographs were recorded onto
X-Omat AR films (Eastman Kodak Co.).
Isolation and Blotting of RNA
Total RNA from cells was obtained by the guanidium/hot phenol meth-
od. Cells were lysed in a guanidium isothiocyanate mixture [4 M guan-
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FIG. 4. Overexpression of Hspb1 (HSP25) activated Nfkb. Panel A: Protein extracts of control vector and Hspb1-
transfected cells (clones 6 and 8), and Hspb1-antisense-transfected cells (hsp25#8/AS#1) were prepared and assessed
by Western blotting. Panel B: Conditioned medium from cultures after irradiation with 20 Gy was prepared by
centrifuging the supernatants and the concentration of Tnf in the culture supernatants was measured by ELISA. Panel
C: Protein extracts of control vector and Hspb1-transfected cells (clone 8) after exposure to 20 Gy of g rays were
prepared and assessed by Western blotting. Panel D: After 20 Gy irradiation, the nuclear and cytosol proteins were
extracted, incubated with [32P]-oligonucleotide containing Nfkb consensus sequence, and then electophoresed on 6%
nondenaturing polyacrylamide gels. Autoradiographs were obtained and radioactive signals were quantified using a
computing densitometer.
idium isothiocyanate, 50 mM Tris-HCl (pH 7.6), 20 mM EDTA, 2% (v/
v) sodium laurylsarcosinate, and 140 mM b-mercaptoethanol]. The lysed
cells were treated with proteinase K (final concentration 200 mg/ml), and
total RNA was then extracted with phenol/chloroform. After denaturation
at 658C, RNA was elctrophoresed in agarose-formaldehyde (1%) and
transferred to a nylon membrane filter (Amersham Co). Filters were hy-
bridized with 32P-labeled probe for 16–24 h at 428C in 50% formamide,
23 NaCl/citrate (13 NaCl/citrate, pH 7.0, 150 mM NaCl, 15 mM sodium
citrate), 53 Denhardt’s solution, 0.1% SDS, 10% dextran sulfate, and
100 mg/ml of salmon sperm DNA. Filters were washed to a stringency
of 0.13 SSC for 10 min at 658C and exposed to X-ray film (RX, Fuji
Photo Film Co. Ltd., Kanagawa, Japan). The human SOD2 full-length
cDNA probe (1.0 kb) was a gift from Dr. Makoto Akashi (National In-
stitute of Radiological Science, Japan).
Reverse Transcriptase PCR (RT-PCR)
To measure mRNA of Tnf, Il1b and b-actin (Actb), total RNA was
isolated with TRITM reagent (MRC, Cincinnati, OH) according to the
manufacturer’s instructions. The reaction mixture contained 13 RT buff-
er, 1 mM each of dNTPs, 2.5 U RNAsin, 1 mg each of primer (Tng, sense
59-ATGAGCACAGAAAGCATGATC-39 antisense 59-TACAGGCTTGT-
CACTCGAATT-39; Il1b sense 59-CAGGATGAGGACATGAGCAGG-39
antisense 59-CTCTGCAGACTCAAACTCCAC-39; Actb, sense 59-
ATGGATGATGATATCGC CGC-39 antisense 59-AGGAATCCTTCT-
GACCCATG-39), 1 mg of total RNA, and 15 U of AMV reverse tran-
scriptase (Promega, Madison, WI) in a final volume of 20 ml. The mixture
was incubated at 428C for 20 min, and the transcription reaction was
terminated by heating the mixture at 958C for 10 min and then chilling
on ice. Thirty percent of the PCR product was electrophoresed on a 2%
agarose gel, and the gel was stained with ethidium bromide. Quantifica-
tion was carried out using an image analyzer with the MCID software
program (Image Research Inc., Ontario, Canada).
Cell Fractionation
Cells (1 3 106) grown on 10-cm tissue culture dishes were washed
once with ice-cold PBS and harvested with a scraper. Cell pellets were
resuspended in hypotonic buffer (10 mM Hepes, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.5 % Nonidet P-40) and incubated at 48C for
15 min. Samples were agitated every 5 min and then centrifuged at
12,000g for 30 s to collect the cytoplasmic fraction. The pellets were
resuspended and incubated in nuclear extraction buffer (20 mM Hepes,
20 % glycerol, 0.42 M NaCl, 1 mM EDTA, 1 mM EGTA) for 30 min,
and centrifuged at 12,000g for 20 min to collect the nuclear fraction. The
protein concentrations of the supernatants were determined using the Bio-
Rad protein assay system.
Electrophoresis Mobility Shift Assay for Nfkb
Nuclear extracts were obtained by the method described by Lee et
al. (30). For the electrophoretic mobility shift assay (EMSA), 2 mg
nuclear protein was incubated for 30 min at room temperature with
approximately 100,000 cpm of an oligonucleotide containing the Nfkb
consensus sequence (59-AGT TGA GGG GAC TTT CCC AGG C-39)
that had been 59-end-labeled with [g-32P]ATP (Sigma). Competition
was carried out using a 100-fold excess of unlabeled oligonucleotide
for 10 min before adding the radiolabeled probe. Samples were then
electrophoresed on a 6% nondenaturing polyacrylamide gel. Autora-
diographs were obtained and radioactive signals were quantified using
a computing densitometer.
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FIG. 5. Tnf treatment induced Nfkb (NFKB) activation and SOD2 (MnSOD) mRNA more in Hspb1 (HSP25)-overexpressing cells. Panel A: Protein
extracts of control vector and Hspb1-transfected cells (clone 8) after treatment with Tnf (5 ng/ml) were prepared and assessed by Western blotting.
Panel B: After treatment with 5 ng/ml of Tnf, total RNAs (30 mg per lane) from control vector and Hspb1-transfected cells (clone 8) were prepared,
analyzed by formaldehyde/agarose gel electrophoresis, and transferred to a nylon membrane as described in the Materials and Methods. IkB, Nfkb1a;
CuZnSOD, SOD1.
Statistics
The points shown in the figures are the means of three separate ex-
periments. Student’s t test was used for statistical analysis.
RESULTS
Overexpression of Hspb1-Induced Radioresistance
To investigate the relationship between Hspb1 and radio-
resistance, we first performed a clonogenic survival assay.
As shown in Fig. 1, Hspb1-transfected cells (clone 8) were
protected against ionizing radiation-induced cytotoxicity.
Moreover, co-transfection with Hspb1-antisense (#8/AS#1
and #8/AS#2) abrogated Hspb1-mediated radioresistance
(Fig. 1B).
Overexpression of Hspb1 Increased SOD2 Gene
Expression as well as its Enzyme Activity
To understand the relationship between Hspb1-mediated
radioresistance and antioxidant enzyme activity, SOD2
gene expression was examined by northern analysis. The
results in Fig. 2A indicate that Hspb1- or Hspa4 (HSP70)-
overexpressing cells showed increased levels of each HSP.
Hspb1-overexpressing cells (clones 6 and 8) showed in-
creased SOD2 mRNA expression, while Hspa4-overex-
pressing cells did not (Fig. 2B). Also, increased enzyme
activity was detected in Hspb1-overexpressing cells (Fig.
2C). In addition, treatment of the cells with Hspb1 anti-
sense abolished these phenomena. Increased SOD2 acti-
vation by H2O2 was also found in Hspb1-overexpressing
cells (Fig. 2D).
Overexpression of Hspb1 Increased mRNA of Tnf and Il1b
Since SOD2 gene expression is reported to be regulat-
ed by increased production of Tnf and Il1b (10), produc-
tion of Tnf and Il1b was determined using RT-PCR. As
shown in Fig. 3, the mRNA expression of Tnf and Il1b
was increased in Hspb1-overexpressing cells (clones 6
and 8), and these expressions were reduced by antisense
treatment.
Overexpression of Hspb1 Activated Nfkb
SOD2 gene expression is modulated by Nfkb (16), and
evidence suggests that induction of Tnf and Il1b mRNA
activates Nfkb (31).To determine whether Nfkb activa-
tion, which involves proteolyic degradation of its inhib-
itor subunit followed by nuclear translocation (32), is
necessary for Hsb1-mediated events, Nfkb1 degradation
was examined. As shown in Fig. 4A, decreased expres-
sion of Nfkb1 was detected in Hspb1-overexpressing
cells (clones 6 and 8), while antisense treatment reduced
the degradation. These results suggested that Hspb1 over-
expression affected Nfkb activation. Since 20 Gy radia-
tion increased Tnf production and Hspb1 augmented
these phenomena (Fig. 4B), the effects of radiation on
Nfkb activation in the Hspb1-overexpressing and control
cells were compared, and it was found that Hspb1 over-
expression resulted in more degradable Nfkb1 protein at
3 and 6 h after irradiation; this was confirmed further by
EMSA analysis (Figs. 4C and D).
Tnf Treatment Induced Nfkb Activation as well as SOD2
mRNA Expression, and these Effects were Potentiated by
Hspb1 Overexpression
To determine whether Tnf could directly regulate
Nfkb1 degradation in Hspb1-overexpressing cells, the
cells were treated with 5 ng/ml Tnf. As shown in Fig. 5,
increased degradation of Nfkb1 (Fig. 5A) and increased
mRNA levels of SOD2 (Fig. 5B) were detected in Hspb1-
overexpressing cells.
Dominant Negative Nfkb1a Mutant Transfection of
Hspb1-Overexpressing Cells Inhibited SOD2 mRNA
Expression and Radioresistance
To elucidate a direct correlation between Nfkb activation
and SOD2 expression, we made a dominant negative
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FIG. 6. Transfection of a Nfkb1a (IkB) dominant negative mutant into Hspb1 (HSP25)-overexpressing cells
reduced SOD2 (MnSOD) mRNA expression and radioresistance. Panel A: Protein extracts of control vector and
Hspb1-transfected cells (clones 6 and 8), MFGpuro control vector-transfected Hspb1-cells (HSP25#8-MFGpuro) and
dominant negative Nfkb1a mutant vector-transfected cells (HSP25#8-IkBaD/N) were prepared and assessed by West-
ern blotting with HA antibody. Panel B: After treatment 5 ng/ml of Tnf, the nuclear and cytosol proteins were
extracted from control vector and Hspb1-transfected cells (clones 6 and 8), MFGpuro control vector-transfected
Hspb1 cells (HSP25#8-MFGpuro) and Nfkb1a dominant negative mutant vector-transfected cells (HSP25#8-IkBaD/
N), incubated with [32P]-oligonucleotide containing Nfkb consensus sequence, and then electrophoresed on 6% non-
denaturing polyacrylamide gels. Autoradiographs were obtained and radioactive signals were quantified using a
computing densitometer. Panel C: Total RNAs (30 mg per lane) from control vector and Hspb1-transfected cells
(clone 8), MFGpuro control vector-transfected Hspb1 cells (HSP25#8-MFGpuro) and Nfkb1a dominant negative
mutant vector-transfected cells (HPS25#8–IkBaD/N) were prepared, analyzed by formaldehyde/agarose gel electro-
phoresis, and transferred to nylon membranes as described in the Materials and Methods. Panel D: Surviving fractions
of control vector- and Hspb1-transfected cells (clone 8) and MFGpuro control vector-transfected Hspb1 cells
(HSP25#8-MFGpuro) and Nfkb1a dominant negative mutant vector-transfected cells (HPS25#8–IkBaD/N) were
obtained by a colony-forming assay after irradiation. Error bars indicate means 6 SD from three independent
experiments.
Nfkb1a mutant vector. MFG retroviral vector (MFGpuro),
control and HA-tagged dominant negative Nfkb1a mutant
vectors were transfected into Hspb1-overexpressing cells.
As shown in Fig. 6A, overexpressed HA protein was de-
tected in dominant negative Nfkb1a transfected cells, and
when 5 ng/ml of Tnf was added, Nfkb activation was
blocked by dominant negative Nfkb1a (Fig. 6B). Moreover,
Hspb1-mediated overexpression of SOD2 mRNA was de-
creased in dominant negative Nfkb1a-transfected cells (Fig.
6C), and radioresistance induced by Hspb1 was also abol-
ished (Fig. 6D).
Overexpression of SOD2 Induced Radioresistance
To determine whether Hspb1-mediated overexpression of
SOD2 was responsible for the radioresistance, the human
SOD2 gene was transfected into L929 cells. As shown in
Fig. 7A and B, overexpression of SOD2 mRNA and protein
was detected in the transfected cells. Increased enzyme ac-
tivity was also detected (Fig. 7C). A clonogenic survival
assay and an examination of the induction of apoptosis also
revealed increased radioresistance in SOD2-overexpressing
cells (Fig. 7D).
DISCUSSION
Manganese superoxide dismutase, which converts super-
oxide radical to hydrogen peroxide and molecular oxygen
within the mitochondrial matrix, and cytosolic glutathione
peroxidase (GPx), which converts hydrogen peroxide into
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FIG. 7. Overexpression of SOD2 (MnSOD) induced radioresistance. Panel A. Total RNAs (30 mg per lane) from
control vector and SOD2-transfected cells (MnSOD2#1 and #2) were prepared, analyzed by formaldehyde/agarose
gel electrophoresis, and transferred to nylon membranes as described in the Materials and Methods. Panel B: Protein
extracts of control vector- and SOD2-transfected cells (MnSOD#1 and #2) were prepared and assessed by Western
blotting as described in the Materials and Methods. Panel C: The cells from control vector- and SOD2-transfected
cells (MnSOD#1 and #2) were harvested, and 100 mg whole cell proteins were electrophoresed on 12% polyacryl-
amide gels and analyzed for SOD2 protein as described in the Materials and Methods. Panel D: Surviving fractions
of vector- and SOD2-transfected cells (MnSOD#1 and #2) were measured by a colony-forming assay. Error bars
indicate means 6 SD from three independent experiments.
water, are primary antioxidant enzymes whose expression
is essential for the survival and development of cellular
resistance to oxygen-mediated cytotoxicity. SOD2 has been
is found to be reduced in a variety of tumor cells and has
been proposed as a new tumor suppressor (33).
Both Tnf and IL1B induce expression of SOD2 in mouse
tissues and mammalian cells (34). The induction of SOD2
by these oxidative stress-inducing agents is blocked by ac-
tinomycin D, indicating that transcriptional control is an
important mechanism leading to increased expression (35).
In the present study, we showed that Hspb1 overexpression
resulted in a coordinate increase in SOD2 mRNA and en-
zyme activity (Fig. 2). Moreover, catalase protein expres-
sion as well as its activity was also increased by Hspb1
overexpression (data not shown). Since accumulating evi-
dence demonstrated that stimuli such as Tnf and Il1b led
to a coordinate increase in SOD2 mRNA and enzyme ac-
tivity (35), we compared Tnf and Il1b mRNA expressions
between the Hspb1-overexpressing and control cells. As
shown by our PCR data, increased Tnf and Il1b mRNA
expression was observed in Hspb1-overexpressing cells,
and transfection with Hspb1 antisense abolished these phe-
nomena, suggesting that Hspb1-overexpression was respon-
sible for the increased induction of Tnf and Il1b mRNA
(Fig. 3). We cannot offer any detailed description of how
Hspb1 overexpression produced Tnf and Il1b expression;
however, it is possible that HSP gp96 (now known as Tra1),
Hspa4 and Hsp60 (now known as Hspd1) activate profes-
sional antigen-presenting cells to secrete proinflammatory
cytokines and to express costimulatory molecules (36), sug-
gesting that HSPs including Hspb1 may facilitate the pro-
duction of Tnf and Il1b.
Numerous studies have demonstrated that Nfkb is in-
volved in the induction of various genes that are responsive
to Tnf and that activation of Nfkb by these stimuli is a
consequence of proteolytic degradation of its inhibitor sub-
unit immediately followed by nuclear translocation. Acti-
vation of Nfkb can suppress Tnf-mediated apoptosis (37),
and factors that induce Nfkb function also induce Sod2,
suggesting that Nfkb is intimately involved in the regula-
tion of Sod2 expression (38). Wan et al. (39) reported that
one Nfkb site is present at the 39-UTR of the human SOD2
gene, and more recently Kinninghjam et al. (40) identified
one NFKB site at intron 2 of the human SOD2 gene that
plays an important role in TNF and IL1B regulation of
SOD2. In the present study, Hspb1-overexpressing cells
showed increased degradation of Nfkb1 and increased nu-
clear binding activity of Nfkb after irradiation (Fig. 4). Ra-
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FIG. 8. A diagram outlining the pathway by which Hspb1 mediates
Tnf and Ilb1 expression, Nfkb activation, and SOD2 activation.
diation-induced Tnf production and Hspb1 overexpression
augmented these phenomena, suggesting that Hspb1 mod-
ulated radiation-induced Tnf production and that this might
have affected radiation-mediated Nfkb activation (Fig. 5).
Based on the results showing Nfkb activation and expres-
sion of SOD2 mRNA after Tnf treatment, we suggest that
Tnf directly regulated Nfkb activation and SOD2 mRNA
expression (Fig. 5) and that Hspb1 overexpression affected
the production of Tnf. Moreover, our dominant negative
Nfkb1a mutant vector experiments (Fig. 6) also suggested
that Hspb1-mediated Nfkb activation is responsible for
SOD2 gene expression.
When the human SOD2 gene was transfected into L929
cells, the cells acquired partial radioresistance (Fig. 7);
when compared to the Hspb1-overexpressing cell, only
modest radioresistance was acquired. We hypothesized that
SOD2 gene expression by Hspb1 was one component in
the induction of radioresistance and that other factors might
be involved in Hspb1-mediated radioresistance. For exam-
ple down-regulated expression of extracellular regulated ki-
nases 1 and 2 (now known as Mapk3 and Mapk1, respec-
tively) by Hspb1 overexpression has been found (41).
Based on these results, we suggest that Hspb1-mediated
induction of SOD2 was directly responsible for the induc-
tion of radioresistance. Many of the damaging effects of
ionizing radiation are mediated by ROS: Irradiation increas-
es ROS, and ROS causes DNA breakage, lipid peroxidation
and protein modification (42). A recent study shows that
preferential oxidative damage after irradiation is to mito-
chondrial DNA rather than nuclear DNA (43). Our data also
showed that SOD2 was involved in resistance to radiation
and that overexpression of SOD2 promoted the survival of
cells exposed to radiation. The increased cellular accumu-
lation of SOD2 may be an important biological response to
irradiation and may confer enhanced resistance against the
lethal effects of radiation.
In conclusion, SOD2 is present in mitochondria, which
are the main site for ROS generation and are thought to be
a major intracellular target for oxidative damage including
radiation (43). We found that Hspb1 produced Tnf and Il1b
and facilitated SOD2 gene expression through Nfkb acti-
vation, which may be involved in Hspb1-mediated radio-
resistance (Fig. 8). Although SOD2 is evidently involved
in the radioresistance, further investigation of the role of
mitochondrial oxidative stress in radiation injury, especially
in relation to Hspb1, is necessary.
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